Experimental and theoretical results are presented for current-voltage and dynamic resistance-voltage characteristics of Hg 1Ϫx Cd x Te ion-implanted p-n junction photodiodes with x Ϸ 0.22 passivated with ZnS/CdS layers. By measuring the temperature dependence of the dc characteristics in the temperature range 25-140 K, the dark current mechanisms are studied and the validity of the modeling is confirmed. It was found that the dark currents can be represented with three current components over a broad range of voltage and temperature. At high temperature (>90 K) and in low reverse bias region, the diffusion current dominates. On the other hand, at medium temperature (40-80 K) and medium reverse bias (< Ϫ0.15 V), trap-assisted tunneling plays an important role. At low temperature (<40 K) and in the medium reverse bias region (< Ϫ0.15 V), band-to-band tunneling is the key leakage current source. However, when the temperature is further lowered to 25 K and the applied reverse bias is very small (Ϫ0.15 to 0 V), the band-to-band tunneling current will be ruled out and the trap-assisted tunneling mechanism dominates again.
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Hg 1Ϫx Cd x Te is one of the most promising semiconductor alloys for use in the detection of infrared (IR) radiation. 1 In particular, Hg 1Ϫx Cd x Te with x Х 0.2 ϳ 0.3 is suitable for remote sensing of IR radiation in the two atmospheric windows, 3 ϳ 5 and 8 ϳ 12 m.
Recently there has been a considerable interest in hybrid focal plane arrays (FPAs) using mercury cadmium telluride (MCT) as the IR-sensitive material for silicon-based charge-coupled devices (CCDs) and switched metal oxide semiconductor field effect transistor (MOSFET) arrays as the readout devices. 2 The advantage of the hybrid approach is that one can optimize the IR detector arrays and the readout devices independently. The most widely used detectors in this approach are MCT photovoltaic (PV) p-n junctions.
A novel stacked photoenhanced native oxide/CdTe method for surface passivation of HgCdTe has been proposed in some papers. 3, 4 By stacking photoenhanced native oxide and CdTe, we have successfully passivated the HgCdTe and fabricated HgCdTe-based metal insulators semiconductor (MIS) diode with lower interface charges, lower fixed oxide charge, near-flatband conditions, and low leakage current. 5, 6 In our previous paper, 7 a Hg 0.8 Cd 0.2 Te photodetector passivated with the above stacked dielectric layer operating in the photoconductor (PC) mode was presented. We have investigated the relationship between insulator trapping and the 1/f noise of the photodetector. The role of the insulator in determining 1/f noise in Hg 1Ϫx Cd x Te integrating MIS devices was studied by Melendez et al. 8 The temperature dependence of Hg 0.68 Cd 0.32 Te infrared photoconductor performance was reported by Siliquini et al. 9 They also determined the detectivity of photodetectors by combining the responsivity and the noise measurement.
In current HgCdTe material and device technology, the performance of HgCdTe photodiodes is limited by the excess dark currents and the associated noise current. [10] [11] [12] DC characteristics and noise behavior of the Hg 1Ϫx Cd x Te photodiodes, operating at 77 K in the wavelength range 8 ϳ 12 m, are very sensitive to material properties as well as to device processing technology. The HgCdTe focal plane arrays (FPA) fabrication technology and the HgCdTe material technology were reviewed by Balcerak et al. 13 It is difficult to obtain reproducible, high-quality uniform p-type substrates with well-controlled material properties. 13 It is also important to obtain the HgCdTe array with uniform and high-performance photodiodes that can be tailored according to the system requirements. The high-performance photodiodes focus on the terms of dark currents, dynamic resistance, excess low-frequency noise, quantum efficiency, and cutoff wavelength. The above parameters are interrelated and depend strongly on material properties as well as device processing technology. So, in this paper, the HgCdTe surface was passivated with ZnS/CdS material in order to improve the device performance and used to study the dark current mechanisms.
In order to analyze the detailed mechanisms in dark current, three distinct mechanisms, i.e., diffusion, generation-recombination, and tunneling, were examined with different theoretical models. By measuring the temperature dependence of the dark current in the temperature range 25 ϳ 140 K, the current mechanisms are studied and the validity of the modeling is confirmed.
Experimental Fabrication of HgCdTe PV detectors.-In this paper, Hg 1Ϫx Cd x Te PV detectors with x Ϸ 0.22 were studied. The HgCdTe photodiodes for 8 ϳ 12 m IR window have an n + -on-p structure. The base p-type Hg 0.8 Cd 0.2 Te epi layer with a carrier concentration of 8 ϫ 10 15 cm Ϫ3 was grown by liquid-phase epitaxy on CdZnTe substrate. An n + -p junction was fabricated by implanting boron ions into p-type HgCdTe at 120 keV to 5E13 cm Ϫ3 dose. The thickness of n + -HgCdTe layer was about 0.8 m. Then the sample surface was cleaned using a two-step treatment. The first step was to polish the HgCdTe wafer in trichloroethane (CCl 3 CH 3 ) on a heater at about 50ЊC for 5 min. Then, acetone was used to remove CCl 3 CH 3 on the sample. Following this process, the sample was rinsed in deionized (DI) water for 5 min. Then, a first photolithography step was used to define the mesa region. The n-layer mesa was etched to a depth of about 2 m exceeding the implanted n-type layer (0.8 m) using HBr:CH 3 OH ϭ 1:100 solution. The etching rate was about 10 nm min. Before the insulating passivation layer was grown, the sample was cleaned again using HBr:CH 3 OH ϭ 1:100 solution to remove surface native oxide. Then, the sample was rinsed in DI water for 5 min and dried in N 2 gas atmosphere. Then, anodic sulfidation was performed using a nonaqueous sulfide basic solution as the electrolyte. The concentration of Na 2 S in ethylene glycol was 0.1 M. A constant current of 200 A/cm 2 was provided and maintained 200 s to get a 20 nm CdS layer on HgCdTe. After that, a 200 nm ZnS layer was passivated by thermal evaporation. The ZnS/CdS insulating layers act as passivation layer to protect surface leakage.
After passivation, a second photolithography step was used to define the n-and p-layer contact windows by etching holes through the ZnS and CdS layer. After etching contact-windows using HCl, a layer of 30 nm thick Au was electroplated first and then another layer of 100 nm thick Au was evaporated over the whole sample surface. A third photolithography step was used to define n-and p-type gold contact patterns using the gold etching solution of KI ϩ I 2 . The junction area of the HgCdTe photodiode is 1 ϫ 10 Ϫ4 cm 2 , and the receptive area is 4.8 ϫ 10 Ϫ5 cm 2 . The fabricated device structure is shown in Fig. 1 . S0013-4651(98)06-100-7 CCC: $7.00 © The Electrochemical Society, Inc.
Survey of DC Characteristic Theory
An n + -p HgCdTe junction was modeled. In order to understand the current-voltage (I-V) characteristics of the diode, one must inspect the following mechanisms: 1, diffusion current, 2, generationrecombination current, and 3, tunneling current. Each individual mechanism as a function of voltage is considered. In the zero-bias and low bias regions, diffusion current is the dominant current. The major contribution is from the p-side diffusion current I d of the n + -p HgCdTe photodiode, hence [1] where p o is the equilibrium doping concentration in p-type layer, n i is the bulk intrinsic carrier concentration, and A J is the junction area.
n and n are the minority carrier (electron) mobility and lifetime in p-type layer, respectively. The associated dynamic resistance defined as R d ϭ (dI/dV) Ϫ1 is given by 14 [2] The slope of the R d (V) characteristics at very small reverse-bias region (near zero-bias) corresponds to n i Ϫ2 (ϰ e Eg/kT ) and decreases with increasing temperature T. With increasing forward bias, R d decreases exponentially with the applied voltage, and eventually the measured resistance will be dominated by the series resistance of the device. With increasing reverse bias, R d increases exponentially, and eventually a different mechanism becomes dominant in determining the dynamic resistance of the device.
According to the diffusion mechanism, the dominant temperature dependence of the dynamic resistance R o at zero bias is proportional to n i Ϫ2 . The R 0 A product is expressed as 14 [3] where A is the junction area and D n / n ϭ kT/q. The dominant temperature dependence of R o A is proportional to n i Ϫ2 , and n i Ϫ2 is proportional to exp(E g /kT), so a semilog plot of R o A vs. 1/T should be nearly a straight line with a slope approximately equal to E g /kT. 15 If the dark current is not dominated by the diffusion mechanism, the slope of ln(R 0 A) vs. 1/T plot will not exhibit a straight line. By meas-
uring the temperature dependence of R 0 A product, the validity of the diffusion model can be confirmed.
2. Generation-recombination current.-Impurities or defects located within the space-charge region can act as generation-recombination (g-r) centers and thereby produce junction current. Spacecharge region g-r current varies with temperature roughly as n i , whereas diffusion current varies as n i 2 . Sah et al. 15 assume that the potential varies linearly with distance over the space-charge region and obtain the following result [4] where no and po are the lifetime of electron and hole, respectively, and V bi is the built-in voltage of the p-n junction such that qV bi is the difference between the Fermi levels on the n side and the p side when no voltage is applied to the junction. w is the space-charge region width. This equation is valid for reverse-bias and for forwardbias with an extremely small forward-bais value. The function f(b) is an integration function given by Ref. 16 .
The R o A product due to g-r current originating in the depletion region, as obtained from Eq. 4, is [5] For the most effective g-r centers, f (b) equals one at zero bias. Thus, (R o A) g-r varies with temperature as n i Ϫ1 , which is different from (R o A) diff. that varies with temperature as n i Ϫ2 .
3. Tunneling current.-Trap-assisted tunneling.-When the p-n diode was biased with a low reverse voltage, the midgap trap levels can be divided into three major groups that will induce the following In previously published works, 15, 16, 20 the authors demonstrated the correlation between tunneling currents and 1/f noise measured on a HgCdTe diode.
Following Kinch 18 trap-assisted tunneling is calculated with a one-dimensional, highly simplified model, assuming a simple triangular barrier for tunneling between traps and the conduction band of the n + region. Hence, the trap-assisted tunneling current, I t , is modeled under reverse bias for V d >> V bi with [6] where B and c are constants. 18 V t ϭ V bi + V d is the total junction potential which is the sum of the built-in potential V bi , and the diode reverse bias V d . The calculated dynamic resistance R t is given by [7] The voltage dependence of the trap-assisted tunneling dynamic resistance R t is determined by the exponential function exp[c/V t 1/2 ]. The fit between the calculated and measured dynamic resistance for trap-assisted tunneling mechanism in the medium reverse bias region is discussed in the Results section.
Bulk band-to-band tunneling.-In the higher reverse bias region and at low temperatures, band-to-band tunneling current is the dominant dark current. For HgCdTe material, the energy bandgap decreases with decreasing temperature.
When this mechanism dominates, the dark current increases and the diode dynamic resistance decreases, as the temperature is reduced for a given reverse bias. The calculated bulk band-to-band tunneling current I btb , and dynamic resistance R btb , are shown below.
For modeling, we use the simple approach presented in Ref. 18 . The bulk band-to-band tunneling current I btb is given by [8] where P is the matrix element, E max ϭ ϪqV d ϩ E f -E v and E f and E v are the Fermi energy and the valence-band energy, respectively. T(E/2) is the band-to-band tunneling probability at the middle of bandgap. 18 With proper differentiation, the bulk band-to-band tunneling dynamic resistance R btb is obtained 18 [9] Results This section focuses on the characterization and modeling results of Hg 1Ϫx Cd x Te photodiodes with x Ϸ 0.22. Figure 3a and b shows the I-V characteristics in a linear and a logarithmic scale for currents, respectively, measured at different operating temperature (from 40 to 100 K) for an HgCdTe diode. The reverse characteristics extend to the reverse bias voltage about Ϫ0.3 V before breakdown. These I-V characteristics are very similar to those reported by Nemirovsky et al. 20 In Fig. 3a at the diode voltage < Ϫ0.25 region, the breakdown curves shift right to the slightly lower voltage side as temperature is reduced from 80 to 40 K, indicating that at high reverse bias voltages (< Ϫ0.25 V) the dominant dark current mechanism is band-to-band tunneling (not diffusion dominant). If the reverse bias is fixed at Ϫ0.35 V in Fig. 3a , the dark current increases with decreasing temperature from 80 to 40 K. Such a phenomenon suggests that the dominant breakdown mechanism at Ϫ0.35 V and 40-80 K is not diffusion related. It is a tunneling dominant mechanism.
At a wide range of reverse bias voltages and for temperatures below 80 K, the dark current is dominated by trap-assisted tunnel-
ing, as shown by the voltage and temperature dependence, exhibited in a logarithmic scale in Fig. 3b . At Ϫ0.35 V, the low temperature (40 K) dark current is higher than those of 80 K. This results from the tunneling mechanism which is dominant at low temperature range of 40 K. Above 80 K, thermal processes become dominant as indicated by the fast increase of dark current with increasing temperature from 80 to 100 K at a wide range of reverse bias (Ϫ0.05 ϳ Ϫ0.4 V). This is similar to those reported by Nemirovsky et al. 20 As shown in Fig. 3b , at higher reverse bias of < Ϫ0.3 V, the 40-50 K diode dark current values become larger than those of 80-90 K, indicating that at high electrical field region the tunneling currents are more dominant than the diffusion.
The dynamic resistance-voltage (R-V) characteristics of a HgCdTe photodiode, as shown in Fig. 4 , can be obtained from its I-V relationship. From Fig. 4 , we can find that at the region near zero bias (indicated by the vertical dash line in Fig. 4) , the R d (V) characteristics correspond to n i Ϫ2 (ϰ e Eg/kT ) and the slope of log(R d ) vs. voltage apparently decreases with increasing temperature T. This is in agreement with the theoretical results as shown in Eq. 2. Hence, under a small reverse bias, diffusion current is the dominant mechanism and the region dominated by diffusion will expand as temperature increases, as also shown in Fig. 4 . With increasing forward bias, R d decreases exponentially with the voltage, and eventually the measured resistance will be dominated by the series resistance. In the diffusion dominated region, R d increases exponentially with increasing reverse bias as shown in Eq. 2, and eventually a different mechanism becomes dominant. The measured and theoretical diffusion characteristics are compared and are shown in Fig. 5, 6, 7 , and 8.
The dark current mechanisms can also be examined from the R-V relationship measured at different temperatures, as also shown in Fig. 4 . Below 80 K, the dynamic resistance exhibits an exponential dependence upon reverse bias. In addition, the R-V characteristics exhibits only a slight dependence upon temperature between 25 and 50 K as shown in Fig. 4 and in the right portion of Fig. 5 . Furthermore, the maximum dynamic resistance obtained at low reverse bias voltage increases as the temperature is reduced. The maximum value corresponding to the zero bias impedance (R 0 ) obtained at the temperature from 25 to 50 K indicates that the same mechanism limits the maximum dynamic resistance from 25 to 50 K. At higher temperature, the dynamic resistance became more insensitively dependent on reverse bias, indicating that another mechanism limited the performance. We discuss more about this phenomenon below.
The physical mechanisms that dominate the dark current properties are also examined by the dependence of the R o A product upon reciprocal temperature, as shown in Fig. 5 . A common practice 21, 22 in detector analysis is to attempt to determine the dark current mechanisms with a best fit to the R 0 A vs. 1/T curve in the temperature region where the slopes of the R 0 A vs. 1/T plot are changing, as shown in the middle part of Fig. 5 . At low temperatures, the deviation from the gr line are then assigned to various unknown sources of current leakage mostly of surface leakage current. The surface leakage current may result from the original defects on the surface such as dangling bonds, etc. The data in Fig. 5 at the temperatures where the experimental data deviate from the diffusion mechanism do not fall on the g-r mechanism line over a wide temperature range. The transition from diffusion to g-r processes, if it occurs, is small and the kinetic signatures alone are not reliable to be proposed as the evidence to identify what the mechanism is in the transition region.
From theoretical considerations and known current expressions for thermal and tunneling processes, one expects that at high temperatures, the dominant currents would be diffusion current followed by a transition to g-r current and eventually band-to-band tunneling. 23 From the data illustrated in Fig. 5 , following DeWames 12 and the theoretical prediction in previous section, we have observed the expected dependence of the dynamic resistance R D on voltage, i.e., R D ϰ exp(E g /kT) exp(ϪqV/kT). At V ϭ 0, R D ϵ R o ϰ exp(E g /kT). At 90 K and higher temperatures, the dominant dark current mechanism is diffusion, and E g Ϸ 0.1 eV which corresponds to the bandgap for x ϭ 0.224 at 90 K (at 80 K, E g ϭ 0.12 eV). Below ϳ40 K, the R o A product approaches a plateau with a value that corresponds to the maximum dynamic resistance obtained at low reverse bias voltage and low temperatures. The activation energy was calculated to be ϳ 5 meV. Such an observation indicates a shallow trap energy that limits trap-assisted tunneling or even band-toband tunneling at lower temperatures. Between 40 and 90 K, the transition region to g-r mechanism occurs only in a small range. In most of the region between 40 and 90 K, the R o A product vs. 1/T plot exhibits a transition region. As a result, it is difficult to assign an activation energy and to determine the limiting mechanisms at this range of temperatures.
In order to observe the exponential dark current dependence on bias and temperature, the data were plotted as a function of reciprocal temperature for different biases as shown in Fig. 6 . It is evident from Fig. 6 that at reverse biases of Ϫ0.02, Ϫ0.1, Ϫ0.2 V, the thermal activation determines the dark current at temperature above 90 K due to diffusion mechanism. But at lower temperatures (<90 K), the dark currents remain almost a constant with temperature which is due to the onset of tunneling or a surface leakage mechanism. The tunneling and surface leakage mechanisms are temperature independent. So as shown in Fig. 6 , when the temperature decreases below 40 K, the reverse currents almost remain constant. This phenomenon agrees well with the results of Fig. 5 .
For temperature above 90 K, diffusion became the dominant mechanism. This can be clearly observed from Fig. 7 for diode reverse biased at 50 and 150 meV. The R d values are proportional to 1/T when the temperature is increased to above 90 K. S0013-4651(98)06-100-7 CCC: $7.00 © The Electrochemical Society, Inc.
Below 90 K, the measured dynamic resistance at V d ϭ Ϫ150 mV is almost independent of temperature, as shown in Fig. 7 . Therefore, for temperature below 90 K, the dominant mechanism is obviously not a thermal one.
The comparison between the theoretical and measured dynamic resistance for trap-assisted tunneling and diffusion mechanisms at 80 K are shown in Fig. 8a . At 80 K and for medium reverse bias of Ϫ0.4 to Ϫ0.1 V, the trap-assisted tunneling is the dominant mechanism for the dark current. This mechanism is examined by measuring the voltage dependence of the diode dynamic resistance as shown in Fig. 8a and by the comparison between the theory (dash line) and measured data (dotted line) at a given temperature of 80 K. The measured differential resistances agree well with the theoretical predictions.
Below 40 K, the measured R o A product became more insensitive to temperature (see Fig. 5 and the right-half portion of Fig. 7 ) and therefore the mechanism determining R o A at temperature lower than 40 K is obviously not a thermal one. Tunneling is the possible mechanism. As can be seen from Fig. 8b , at 25 K the differential resistances in the V d < Ϫ0.15 V region which were theoretically calculated with trap-assisted tunneling mechanism from Eq. 7 were found to have higher values than those calculated with band-to-band tunneling mechanism from Eq. 9. From Fig. 8b , it is apparent that the measured differential resistances are much in agreement with the band-to-band tunneling mechanism. But at 25 K when the applied bias is decreased to near Ϫ0.15 to 0 V, the bulk-to-bulk tunneling mechanism becomes ruled out, as shown in Fig. 8b . Therefore, the origin of the dark current near zero bias below 40 K is not a bandto-band tunneling but should be attributed to the trap-assisted tunneling. The measured data (Ϫ0.15 < V d < 0 V) turn to fit the calculation results of trap-assisted tunneling. Furthermore, in the forward bias region the measured differential resistances are all in agreement with the diffusion mechanism.
Conclusions In summary, an agreement is obtained between theory and experimental results. For analysis a simple model for the n ϩ -p device structure was used. It was assumed that several current components could be contributing to the leakage mechanisms. At high temperatures (>90 K), the R o A product deduced from the expected diffusion current were found to be proportional to exp(E g /kT). The transition line is to attempt to separate the current components with a best fit to g-r mechanisms, i.e., R o A ϰ exp(E g /2kT). Deviations at lower temperatures from the g-r line are then assigned to various unknown sources of current leakages mostly of surface origin leakage currents.
The tunneling current mechanisms of n + -p HgCdTe photodiode were modeled. The models described the connections between the temperature and dynamic resistance associated with tunneling mechanisms. We demonstrated the difference between these two types of tunneling mechanisms. Trap-assisted tunneling dominates the leakage current at medium temperature (40 K < T < 80 K) and medium reverse bias (Ϫ0.4 ϳ Ϫ0.1 V). However, at low temperature (T < 40 K) and high reverse bias (V d < Ϫ0.15 V), band-to-band tunneling is the dominant mechanism. But near zero bias region and at low temperature (25 K), the band-to-band tunneling mechanism is ruled out, so a trap-assisted tunneling mechanism was proposed to be the dominant one.
